We observed a magnetization step accompanied by a metal-insulator transition around 75 K in La 0.5 Ca 0.5 MnO 3 . Repeating measurements under the same condition weaken the magnetization step and enhance the resistance at low temperature. The decayed magnetization step reappears after annealing the sample at high temperature or cooling it under a magnetic field. The low-temperature magnetization step can be attributed to the melting of the overcooled ferromagnetic fragments and its training effect may be related to structure distortions at the interfaces between the ferromagnetic and chargeordered phases in the investigated system.
Introduction
Hole-doped manganites Ln 1−x A x MnO 3 (Ln = rare earth, A = alkaline earth) with a distorted perovskite structure have stimulated a considerable scientific and technological interest due to their versatile effects such as the colossal magnetoresistance [1] [2] [3] , charge and orbital ordering [4] [5] [6] . Magnetoresistance effects in these compounds have been interpreted in terms of the socalled double-exchange model [7] [8] [9] . However, there are many other phenomena that cannot be explained according to the double-exchange model alone. To explain the complicated magnetic and transport behaviours observed in Ln 1−x A x MnO 3 , Moreo et al [10] proposed a phase separation scenario, which is supported by subsequent NMR [13, 14] and Mössbauer [15] investigations. Anane et al [11] found a thermal relaxation from a metastable metallic ferromagnetic (FM) phase to an insulating antiferromagnetic (AFM) phase in the chargeordered (CO) Pr 0.7 Ca 0.3 MnO 3 single crystal, supporting the coexistence of metal and insulator phases in the compound. Uehara et al [12] interpreted the dramatic response of the resistance to the magnetic field in terms of the percolative phase separation in the compounds showing reduced T C . From the scanning tunnelling spectroscopy study, Fäth et al [16] observed in La 0.7 Ca 0.3 MnO 3 thin film a phase separation below T C , randomly distributed metal and insulator domains coexist and the size and structure of the domains are strongly field dependent.
Based on the electronic microscopy observation, Mori et al [17] found the coexistence of FM and AFM CO microdomains with the size of 20-30 nm in La 0.5 Ca 0.5 MnO 3 . It is notable that, in phase-separated compounds, there would be numerous interfaces between nano-scale FM and CO phases which can affect strongly magnetic and transport properties. In this paper, we reported a low-temperature magnetization step and its training effects in the phaseseparated La 0.5 Ca 0.5 MnO 3 . The low-temperature magnetization step is found to result from the overcooled metastable FM phase and its training effect may be related to the interfaces between the FM and CO phases. 
Experiment
Bulk La 0.5 Ca 0.5 MnO 3 was prepared by conventional solid-state reaction processing. The well mixed La 2 O 3 , CaCO 3 and MnCO 3 powders with appropriate proportion were calcinated at 800
• C for 24 h. The resulting mixture was reground, pressed into pellets and sintered at 1300
• C for 48 h. X-ray diffraction, carried out on a Rigaku x-ray diffractometer with a rotating anode and Cu Kα radiation, indicates that the sample is single phase with an orthorhombic structure. Magnetization measurements were performed on a commercial SQUID magnetometer. Resistance was measured by the standard four-probe method. Figure 1 displays the temperature dependence of magnetization (M-T ) and resistance (R-T ) of La 0.5 Ca 0.5 MnO 3 . In agreement with the reports [13, 14] , a paramagnetic to FM phase transition at 240 K followed by an FM to AFM charge ordering transition at 175 K are observed. An obviously discernible rise of resistance occurs around 175 K due to the onset of charge ordering. According to the phase diagram reported by Schiffer et al [18] , La 1−x Ca x MnO 3 is FM for 0.2 < x < 0.5, AFM and CO for x > 0.5. In fact, in our sample, there exist FM metal phase embedding in the CO matrix at low temperature, which can be concluded from the high magnetization below the charge ordering transition temperature (T CO ). At low temperature, the FM fraction was evaluated to be 24% [19] . Interestingly, with a further decrease of temperature, a magnetization step of about 2.2 emu g −1 at 75 K appears accompanied by an insulator-metal transition in the R-T curve. Xiao et al [20] and Yoshinari et al [21] observed similar behaviours; however, they did not give any explanation or further investigation. In the following, we will focus our attention on the magnetic anomaly at and below 75 K. Magnetization under a field of 0.05T (a) and zero-field resistance (b) as a function of temperature measured by heating for many times. The inset of (a) shows the training process of the magnetization step for the sample that was annealed at 1200 • C for 3 h after many measurements had been performed. Figure 2(a) shows the temperature dependence of magnetization measured under a field of 0.05 T. For this measurement, the sample was cooled without magnetic field (ZFC) to 5 K, then a field of 0.05 T was applied and the data were recorded by heating until 300 K. This process was repeated for several times. It is interesting that the magnetization at a fixed temperature decreases with increasing number of repeated measurements. The height of the magnetization step decreases from 2. height approaches 0.1 emu g −1 finally. Fascinatingly, the low-temperature magnetization step and the training effect reappear when the repeatedly measured sample is annealed at 1200
Results and discussions
• C for 3 h in air, as shown in the inset of figure 2(a) . The resistance at zero field as a function of temperature is presented in figure 2(b) . The overall resistance increases especially in the low temperature region and the metal-insulator transition temperature shifts to low temperature correspondingly with the number of times measured. Comparing the M-T to R-T curves, an excellent correspondence, the decrease of magnetization corresponding to the increase of resistance, can be observed, which indicates that spin-dependent scattering plays an important role in the electron transport process. Figure 3(a) shows the M-T curves measured under a field of 4 T in ZFC and FC (fieldcooled) modes, respectively, for the sample that had been measured many times. The M-T curves measured in different modes deviate from each other conspicuously below T CO , which can be interpreted in terms of the thermally activated two-level model proposed previously for the Nd 0.5 Sr 0.5 MnO 3 system [22] . Interestingly, in the FC mode, the vanished low-temperature magnetization step due to the training process reappears, demonstrated as the magnetization enhancement in temperature range from 5 K to 75 K ( figure 3(a) ). However, the magnetization step cannot be observed in the ZFC mode even under a magnetic field of 6.5 T. The inset of figure 3(a) presents the FC M-T curves measured in the same condition for several times. There is a large discrepancy between the first and second measurement below 75 K, but no obvious change for the subsequent measurements. In order to clearly show the cooling field dependence of the low-temperature magnetization step, we deducted the magnetization background below T CO and obtained the net magnetization step as shown in figure 3(b) . The inset of figure 3(b) presents the height of the net magnetization step at 5 K as a function of the cooling field. It is clear that the height of the step increases linearly with the cooling field.
The temperature dependence of magnetization (shown in figure 4 ) was measured under a field of 0.05 T in cooling and warming modes, respectively, for the sample that had been measured for many times. The magnetization exhibits strong temperature hysteresis. The CO-FM transition occurs around 175 K and 125 K in warming and cooling processes, respectively, as reported in [13, 14] . In fact, the warming and cooling M-T curves deviate from each other in the temperature range from ∼75 K to 200 K (as shown in the inset of figure 4 ). Upon cooling, CO clusters begin to separate out from the FM matrix around 150 K, and grow gradually with the drop of temperature until 75 K. Overcooled fragments of the FM phase cannot be converted to the CO state below 75 K because the potential barrier between the FM and CO states is high enough compared to thermal fluctuation; however, it can occur above 75 K in the warming process. So the melting of the overcooled FM fragments should be responsible for the magnetization step around 75 K in warming process. As we known, the transition from FM to CO state occurs accompanied by a increase of lattice parameters of a and c, decrease of b and no variation of lattice volume [5, 22] . In other words, the FM and CO phases of different orthorhombic structures coexist in the phase-separated La 0.5 Ca 0.5 MnO 3 . It is worth noting that significant structure distortions exist inevitably near the boundary between the FM phase and the CO one. Warming and cooling the sample repeatedly will weaken the structure mismatch. Therefore, as an explanation, we prefer to propose that the structure distortions at the interface may be responsible for the training effects of the magnetization step and resistance at low temperature. As shown in figure 2(a) , the magnetization at 5 K (related to FM phase) is 7.7 emu g −1 and the height of the magnetization step (related to the interface) is 2.2 emu g −1 under a field of 0.05 T. If the size of the FM clusters is considered as 20-30 nm, as reported in [17] , a rough estimate indicates that an interface of 10-15 Å thick can cause a magnetization step of 2.2 emu g −1 .
Conclusion
By magnetic and electrical measurements, the low-temperature magnetization step was observed and ascribed to the melting of overcooled FM fragments. Numerous structure distortions at the interface between the FM phase and the CO one are proposed to be responsible for the training effects of low-temperature magnetization and resistance. It should be emphasized that more efforts should be devoted to the interfaces between different phases due to their effects on magnetic and transport properties in the phase-separated compound.
